Genetics and phosphoproteomics reveal a protein phosphorylation network in the abscisic acid signaling pathway in Arabidopsis thaliana.
Abscisic acid (ABA) is a phytohormone that regulates diverse plant processes, including seed germination and the response to dehydration. In Arabidopsis thaliana, protein kinases of the SNF1-related protein kinase 2 (SnRK2) family are believed to transmit ABA- or dehydration-induced signals through phosphorylation of downstream substrates. By mass spectrometry, we identified proteins that were phosphorylated in Arabidopsis wild-type plants, but not in mutants lacking all three members of the SnRK2 family (srk2dei), treated with ABA or subjected to dehydration stress. The number of differentially phosphorylated peptides was greater in srk2dei plants treated with ABA than in the ones subjected to dehydration, suggesting that SnRK2 was mainly involved in ABA signaling rather than dehydration. We identified 35 peptides that were differentially phosphorylated in wild-type but not in srk2dei plants treated with ABA. Biochemical and genetic studies of candidate SnRK2-regulated phosphoproteins showed that SnRK2 promoted the ABA-induced activation of the mitogen-activated protein kinases AtMPK1 and AtMPK2; that SnRK2 mediated phosphorylation of Ser(45) in a bZIP transcription factor, AREB1 (ABA-responsive element binding protein 1), and stimulated ABA-responsive gene expression; and that a previously unknown protein, SnRK2-substrate 1 (SNS1), was phosphorylated in vivo by ABA-activated SnRK2s. Reverse genetic analysis revealed that SNS1 inhibited ABA responses in Arabidopsis. Thus, by integrating genetics with phosphoproteomics, we identified multiple components of the ABA-responsive protein phosphorylation network.